Scalable integration of long-lived quantum memories into a photonic
  circuit by Mouradian, Sara L. et al.
Scalable integration of long-lived quantum memories into a photonic circuit
Sara L. Mouradian,1, ∗ Tim Schro¨der,1, † Carl B. Poitras,2 Luozhou Li,1 Jordan Goldstein,1 Edward H. Chen,1
Jaime Cardenas,2 Matthew L. Markham,3 Daniel J. Twitchen,3 Michal Lipson,2, ‡ and Dirk Englund1, §
1Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge MA 02139
2School of Electrical and Computer Engineering, Cornell University, Ithaca NY 14853
3Element Six, 3901 Burton Drive, Santa Clara, CA 95054, USA
(Dated: November 9, 2018)
We demonstrate a photonic circuit with integrated long-lived quantum memories. Pre-selected
quantum nodes - diamond micro-waveguides containing single, stable, and negatively charged nitro-
gen vacancy centers - are deterministically integrated into low-loss silicon nitride waveguides. Each
quantum memory node efficiently couples into the single-mode waveguide (> 1 Mcps collected into
the waveguide) and exhibits long spin coherence times of up to 120µs. Our system facilitates the
assembly of multiple quantum memories into a photonic integrated circuit with near unity yield,
paving the way towards scalable quantum information processing.
PACS numbers: 42.50.Ex, 33.35.+r, 33.50.Dq
Advanced quantum information systems, such as quan-
tum computers [1] and quantum repeaters [2], require
multiple entangled quantum memories that can be con-
trolled individually [3]. Over the past decade, there has
been rapid theoretical and experimental progress in de-
veloping such entangled networks using stationary quan-
tum bits (qubits) connected via photons [4–6]. Pho-
tonic integrated circuits (PICs) could provide a compact,
phase-stable, and scalable architecture for such quan-
tum networks. However, the realization of this promise
requires the high-yield integration of solid state quan-
tum memories efficiently coupled to low-loss single-mode
waveguides.
A promising solid-state quantum memory with second-
scale spin coherence times is the negatively charged ni-
trogen vacancy (NV) center in diamond [7, 8]. Its elec-
tronic spin state can be optically initialized, manipu-
lated, measured [9], and mapped onto nearby auxil-
iary nuclear memories [10]. Quantum network protocols
based on these unique qualities have been proposed [11],
and entanglement generation and state teleportation be-
tween two spatially separated quantum nodes has been
demonstrated [12, 13]. Translating such entanglement
techniques into on-chip architectures promises scalabil-
ity, but can only succeed if quantum nodes are gener-
ated with high yield. So far, yield has been inherently
low due to the stochastic process of NV creation, and
waveguide patterning in diamond is challenging, prevent-
ing low-loss waveguides in the optical domain around
638 nm, the zero phonon line (ZPL) of the NV. Thus,
while proof-of-principle network components have been
demonstrated [14, 15], the assembly of a quantum mem-
ory device into a PIC has not yet been shown. In contrast
to diamond, silicon nitride (SiN)-based photonics relies
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FIG. 1. (Color) (a) Sketch of a SiN PIC with multiple quan-
tum memory nodes. (b) Simulation of the collection effi-
ciency of NV fluorescence into the diamond µWG (dashed)
and into the SiN single-mode waveguide with optimal param-
eters (solid). (c) FDTD simulation (Ex field) showing the
mode transfer from a single mode diamond waveguide into a
single mode SiN waveguide.
on well-developed fabrication processes and is CMOS-
compatible [16]. Recently, ultra-low-loss channel waveg-
uides (< 0.3 dB/cm) and high-fidelity nonlinear devices
have been demonstrated [17]. Moreover, its large band
gap (∼5 eV) and high index of refraction (n = 2.1) make
it ideal for routing the visible emission of NVs in dia-
mond.
Here, we address the challenges of high yield inte-
gration into low-loss photonic networks by integrating
pre-selected, long-lived quantum memories based on NV
centers into SiN PICs. In our approach, each quantum
node consists of a diamond micro-waveguide (µWG) sus-
pended over a coupling region in a SiN waveguide, as
illustrated in Figure 1(a). The diamond µWG supports
single mode propagation over the NV emission spectrum
with a cross section of 200×200 nm. Suspending it across
an air gap in the SiN WG enables efficient coupling of the
NV to the single optical mode in the diamond µWG. Fi-
nite Difference Time Domain (FDTD) simulations show
that with this air gap, up to 86% (78%) of the NV ZPL
(phonon side band) fluorescence intensity at λ = 638 nm
ar
X
iv
:1
40
9.
79
65
v2
  [
ph
ys
ics
.op
tic
s] 
 24
 N
ov
 20
14
  
10
20
30
40
50
60
70
80
90
kc
ps
02468101214161820
kcps
(b)
(d)
(c)
(e)
6μm
6μm
2μm
2μm
Si
tungsten
probe
Si
SiN
diamond
(a) SiO2
μWGs
FIG. 2. (a) Illustration of quantum memory integration into a
SiN PIC. Top left: A cross section view of the coupling region
of a SiN PIC before integration of the diamond. Bottom left:
An array of diamond µWGs resting on an etched Si chip.
Right: The integration of a diamond µWG onto a coupling
region of the SiN PIC. (b) SEM and (c) confocal PL raster
scan of a diamond µWG array. (d) SEM and (e) confocal PL
raster scan of a diamond µWG placed over a gap in a SiN
WG.
(λ =600-780 nm) is guided into the diamond µWG with
optimal, realistic NV dipole orientation (the projection
of the emission dipole along the µWG propagation axis
is minimized for <100> diamond µWG) and optimal NV
position (the mode maximum of the diamond µWG), as
seen in Figure 1b (dashed curve).
The SiN waveguide also supports single mode propaga-
tion over the NV emission spectrum with a cross section
of 400×400 nm. Tapering of the overlapping SiN and dia-
mond regions allows for an approximately adiabatic tran-
sition between the diamond and SiN waveguide modes.
We performed FDTD simulations to optimize the tapered
regions of the diamond and SiN waveguides to maximize
the coupling between the diamond and SiN waveguides,
as shown in Figure 1. Our simulations indicate that up
to 95% of the NV fluorescence emitted into the diamond
waveguide is transferred into the SiN waveguide with the
optimized overlapping tapering regions shown in Figure
1c (see Appendix). Thus, as shown in Figure 1b (solid
curve), we estimate that the total collection efficiency
from the NV ZPL through the diamond µWG into the
SiN WG is 82% for our optimized design (see Figure 1c).
We fabricated the diamond µWGs from a 200 nm-thick
single crystal diamond membrane which was thinned
from a 5µm diamond slab produced by chemical vapor
deposition. Natural NVs occurred at a concentration
of approximately 0.25 NVs/µm3. A patterned silicon
membrane is used as a hard etch mask [18] during an
oxygen plasma etch of the diamond membrane [19] (see
Appendix). We fabricated the SiN waveguides from a
400 nm thick SiN layer deposited on silicon dioxide [17].
The waveguides were cladded with a 3µm layer of SiO2
except for a 50µm window over the coupling region for
the integration of the diamond µWGs.
Figure 2(b) shows a typical array of diamond µWGs.
In this experiment, we used 12µm-long, 200 nm wide
µWGs with 4µm-long tapers down to 100 nm on either
side. This minimum taper size is larger than optimal, but
fabrication yield was increased as the µWGs were con-
nected at these ends. FDTD simulations indicated that
this geometry should yield a 52.5% coupling efficiency
from the NV ZPL to the SiN waveguide with optimal
NV parameters (see Appendix).
After fabrication, we characterized the µWGs using a
confocal microscope (NA = 0.9) with 532 nm excitation.
Using photoluminescence (PL) raster scans, we identi-
fied µWGs with single NVs near the center as indicated
in Figure 2c. A pre-selected diamond µWG was picked
and transferred onto a SiN coupling region with a tung-
sten probe, where it adhered due to surface forces (see
Appendix). Figure 2d and e show an SEM of the trans-
ferred structure and the corresponding PL scan, respec-
tively. This bottom-up integration process ensures that
every node contains exactly one NV memory. Such high
yield is not possible without pre-selection even when ni-
trogen atoms are spatially implanted, as the number of
NVs generated remains stochastic.
Single NVs in integrated devices were excited from the
top with the confocal setup described above and PL was
collected via the confocal setup into a single mode fiber
(confocal collection) and through the SiN waveguide into
a lensed single mode fiber (waveguide collection). In
both cases, the collected fluorescence was filtered with a
550 nm long pass filter. We will focus on the optical anal-
ysis of the integrated system seen in Figure 2d,e. Figure
3a and b show PL raster scans of the NV under con-
focal excitation with confocal and waveguide collection,
respectively.
Second order correlation measurements on photons col-
lected via the confocal setup confirm that all NVs in
tested µWGs show single emitter character, with anti-
bunching as low as g(2)(0) = 0.07 (see Appendix), im-
plying that the NVs are extremely well isolated from
background sources of fluorescence. Figure 3c shows the
normalized auto-correlation measurement of the NV in
Figure 3a,b, with g(2)(0) = 0.17 at 100µW of 532 nm ex-
citation. We also performed cross-correlation measure-
ments between photons collected via the confocal and
waveguide setups. The normalized histogram in Figure
3d indicates clear anti-bunching at 60µW of excitation.
We attribute the increase in g(2)(0) from the confocal
auto correlation measurement to PL from the SiN waveg-
uide due to coupling of the 532 nm excitation laser into
the WG. This PL is also observed in the spectrum col-
lected through the waveguide (see Appendix). This back-
ground could be eliminated by fabricating a distributed
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FIG. 3. (a) High resolution confocal PL raster scan of the
NV with confocal collection and (b) waveguide collection. For
(b), the background was subtracted using spin-selective fluo-
rescence [20, 21](c) normalized autocorrelation measurement
g(2)(τ) via confocal collection confirming single photon emis-
sion. (d) cross-correlation measurement between photons col-
lected via the confocal setup and through the waveguide con-
firming that the majority of photons collected through the
waveguide originate from a single NV. Solid curves in (c,d)
are fits to the data. (e) Spectrum of the emitter collected via
the waveguide. The solid curve is a model with parameter
values taken from measured data. (f) Saturation measure-
ments acquired on the same emitter with confocal (dashed)
and waveguide (solid) collection. (g) fits from (f) without
background and corrected for measured collection losses (see
text).
Bragg reflector at the excitation laser wavelength into the
SiN waveguide near the diamond coupling region [22, 23].
This filter could block scattered laser light from traveling
through the SiN WG and exciting background fluores-
cence.
Figure 3e plots the spectrum of the fluorescence col-
lected through the waveguide. An interference pattern is
visible, which we attribute to an etalon effect at the dia-
mond end facets. This etalon effect indicates an intensity
reflection of r2 = 0.17 and a waveguide group index of
1.7 for the 12µm long diamond µWG, which matches our
expectations (see Appendix).
To evaluate the enhancement in collection efficiency
through the waveguide, we performed emitter saturation
measurements with both confocal and waveguide collec-
tion as seen in Figure 3f. In each case, the excitation
polarization was tuned to maximize the signal-to-noise
ratio. For confocal collection, this entailed maximizing
the NV excitation rate, while under waveguide collection
this entailed limiting the coupling of the 532 nm excita-
tion into the waveguide to minimize background fluores-
cence. The optimized polarization for waveguide collec-
tion reduces the NV excitation rate, and as such increases
the saturation intensity from 135µW via confocal collec-
tion to 350µW via waveguide collection. For confocal
(waveguide) collection, 16 kcps (55 kcps) were detected
at 60µW of excitation, as used to measure the cross-
correlation seen in Figure 3d.
Figure 3g shows the fits in Figure 3f without the lin-
ear background terms, and corrected for the measured
collection efficiencies of each collection pathway. The
waveguide (confocal) collection pathway has a measured
efficiency of 25% (17%). Both are measured with an
Si avalanche photodiode (APD) with quantum efficiency
η = 0.65. Without these system inefficiencies, we es-
timate that 0.38×106 NV photons/second are collected
into the objective at saturation, while 1.45×106 NV pho-
tons/second are collected into one direction of the single
mode SiN waveguide. We integrated 4 such quantum
memories into the SiN PIC, each of which contained a
single NV center which emitted > 1×105 photons/second
into the SiN waveguide at 125µW of excitation (see Ap-
pendix).
In Figure 4 we present the electron spin properties of
the NV center in a second integrated system in which
0.8×106 photons/second were collected into one direc-
tion of the waveguide at saturation. Figure 4a shows
the transitions of the NV center with the magnetic sub-
levels ms = −1, 0, 1, obtained using optically detected
magnetic resonance (ODMR) [24]. Figure 4b plots the
ODMR fluorescence signal collected through the waveg-
uide under continuous-wave laser excitation with no ex-
ternal magnetic field.
For state manipulation, the degeneracy of the ms = ±1
levels is lifted by the application of an magnetic field of
∼ 56 Gauss projected onto the NV axis. A Ramsey se-
quence, consisting of two pi/2 pulses separated by a free
evolution time τ , was used to probe the spin environ-
ment experienced by the NV. From this, we deduce an
ensemble phase coherence time T ∗2 ' 2µs. We also per-
formed Hahn-echo measurements [25], which indicate a
spin coherence time of T2 ' 120µs, see Figure 4d. This
long spin coherence time is similar to values observed in
the parent diamond crystal [26]. We anticipate that us-
ing isotropically purified 12C diamond, together with dy-
namical decoupling, should enable spin coherence times
in excess of tens of milliseconds [27].
In conclusion, we have realized the integration of mul-
tiple quantum nodes into a photonic network. Each in-
tegrated node contains a single high quality solid-state
qubit. The design of the diamond-SiN interface allows
for efficient coupling of photons emitted by the NV center
into the single mode SiN waveguide, which itself exhibits
3E
1+ -
(a)
0
0 40 120 200 2800.96
0.98
1.00
1.02
1.04
1.06
1.08
1.10
1.12
2τ (μs)
Co
un
ts 
(a
rb
)
τ (μs)
Co
un
ts 
(a
rb
)
(c)
(d)
polarize measure
τ τ
polarize measure
π/2
τ
0.2 0.6 0.8 1.2 1.40
0.9
0.95
1
1.05
2.84 2.88 2.92
0.9
0.88
0.92
0.94
0.96
0.98
1
Frequency(GHz)
In
te
ns
ity
(a
rb
)
3A
1+ -
0
2.87GHz
1A
~33 ns
~300 ns~13 ns
2gµBz
+1
-1
(b)
π/2π/2
π/2
FIG. 4. (a) Level system of an NV. (b) ODMR of an NV
under no magnetic field with waveguide collection. (c) The
ms = 0 to 1 transition is driven off resonance and 3 Ramsey
frequencies are observed due to coupling between the NV elec-
tronic spin and the host N14 nuclear spin, with a decay due
to the surrounding spin bath (T ∗2 = 2µs) . (d) The pi and pi/2
times of an on-resonance driving field are used to construct a
Hahn-Echo sequence to decouple the NV from the surround-
ing spin bath and measure T2 > 120µs from the exponential
decay of the coherent revivals.
low propagation loss (∼ 0.3 dB/cm) and enables high
coupling to single mode fiber (∼ 3 dB loss). This high
collection efficiency into a single spatial mode indicates
the promise of this system as an efficient source of single
photons in a single spatial mode. Moreover, our experi-
mental results show that each integrated node contained
one long-lived quantum memories. Finally, this method
can be generalized to other systems (e.g. photonic crys-
tal cavities containing single emitters) to integrate pre-
screened functional nodes into high quality PICs with
essentially unity yield, paving the way towards scalable
on-chip quantum networks.
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APPENDIX
Appendix A: Simulations
To predict and optimize the coupling efficiency from
an NV center to a SiN WG, we simulate our systems
using FDTD computations. The NV center is repre-
sented as an electric dipole placed in the center of the
of a 200 nm x 200 nm diamond µWG (n = 2.4), oriented
perpendicular to the propagation axis of the µWG and
35◦ off-horizontal. This is consistent with a diamond slab
oriented in the <100> direction, as we use in our exper-
iment. We placed Poynting flux monitors (i) to either
side of the NV, overlapping the diamond µWG before
the SiN WG begins, (ii) at each end of the SiN WG, and
(iii) surrounding the entire structure. These are used to
monitor where electro magnetic power is lost; the ratio
of (i) to (iii) gives the NV coupling efficiency to the dia-
mond µWG, and the ratio of (ii) to (iii) yields the total
coupling efficiency of the device.
The optimized device geometry was determined by
evaluating the coupling efficiency from the fundamental
TE mode of the diamond µWG to the SiN WG while
sweeping the diamond µWG and SiN WG taper lengths.
The tapers are aligned such that the taper regions in SiN
and diamond do not overlap, minimizing the photon loss.
Based on these results, we chose a µWG taper length of
6µum and a SiN WG taper length of 5µm. Finally, we
use a 2µm gap in the WG to maintain high coupling from
the NV into the diamond µWG. This results in a µWG
which is 24µm long, and yields an overall dipole-to-WG
coupling efficiency of 83% (41.5% on each side), as seen
in Figure 5. We also simulated the structure used in the
experiments reported here, which was shorter, and had
blunt tips (tapered down to 100 nm instead of 0 nm), in-
creasing losses. This gives a coupling efficiency from the
diamond µWG to the SiN WG of 52.5%, as seen in Figure
5.
Appendix B: Fabrication
We begin fabrication with a 5µm ultra-pure diamond
slab produced by chemical vapor deposition. The dia-
mond slab is polished with Ar and Cl2 down to a final
thickness of 200 nm. This membrane is patterned with
oxygen plasma, using a transferrable patterned silicon
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FIG. 5. Simulated coupling efficiencies from the diamond into
the SiN of the optimized (dashed) and fabricated (solid) de-
vices.
membrane as an etch mask, a technique that is intro-
duced and explained in previous publications [18]
Appendix C: Diamond Integration
The diamond µWGs are detached and picked up from
the initial array with a tungsten microprope (Ted Pella)
mounted to a 3-axis piezo micromanipulator and rotation
stage. The µWG is transferred to a SiN chip, which sits
on a 2-axis and rotation stage. The diamond µWG is
aligned to the coupling region of a SiN waveguide and
placed in its center. Adhesion is promoted via plasma
cleaning of the SiN prior to placement.
Appendix D: Photon correlation measurements
Photon correlation measurements were performed with
a Hanbury Brown and Twiss setup. In auto-correlation
measurements, the PL collected via the confocal setup
was coupled to a fiber beam splitter, and the two output
arms were coupled to avalanche photon detector (APD)
modules (Perkin Elmer). In cross-correlation measure-
ments between confocal and waveguide collection chan-
nels, the two single mode collection fibers are directly
coupled into separate APDs. A histogram of arrival times
was assembled using a time-correlated counting module
in start-stop mode. Figure 6 shows an NV in an inte-
grated nanowire exhibiting excellent single photon char-
acter with an anti-bunching dip down to 0.07.
Appendix E: Waveguide spectra
The PL collected through the waveguide consists of
PL originating from the diamond µWG and PL caused
by laser propagation through the SiN waveguide. The
PL originating from the diamond µWG experiences an
etalon effect due to the diamond µWG ends. The de-
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FIG. 6. Autocorrelation measurement via confocal collection
of an NV in a diamond µWG showing superb single photon
character with anti-bunching down to 0.07.
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FIG. 7. Normalized spectra of (a) the NV via confocal col-
lection (black) and (b) the SiN waveguide fluorescence (grey)
under 532 nm excitation.
tected spectrum is modeled as
WG(λ0) = a
∣∣∣∣ (1− r)2e−2ipinL/λ01− r2e−4ipinL/λ0
∣∣∣∣2 NV(λ0) + bBG(λ0)
(E1)
where NV(λ0) is the spectrum collected via the confocal
setup (Figure 7a) and BG(λ0) is the spectrum of the
SiN fluorescence collected through the waveguide (Figure
7b). n = 1.71 is the expected effective refractive index of
the diamond waveguide mode determined via eigenmode
analysis of the waveguide, and L = 12µm is the total
length of the diamond waveguide.
Appendix F: Scalability
To show the scalability of our method, we integrated
4µWGs into the same SiN PhC and measured NV prop-
erties of each through confocal and waveguide collec-
tion. Full saturation curves were measured for the points
marked with circles. We subtracted the background, and
accounted for measured system losses to arrive at the
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FIG. 8. Counts collected into a free space objective vs. counts
collected into the single mode SiN waveguide for 4 integrated
NV centers at 125µW of excitation. Circles are calculated
from saturation curves, where as squares are measured at
125µW.
value for counts collected at 125µW excitation. Auto
and cross-correlation measurements were taken for the
two points marked with squares at 125µW excitation.
The depth of the anti-bunching allowed us to subtract
background, and measured system losses were accounted
for to find the photons per second collected into the ob-
jective, or into the SiN waveguide. All showed efficient
coupling into the SiN waveguide, with differences perhaps
due to NV positioning and orientation.
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